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ABSTRACT 
 
This project looks into understanding the concentration of soot being omitted by a diesel engine 
through the creation of an innovative opacity sensor. The system contains a receiver circuit 
implementing a photodiode, laser with wavelength of 405±10nm, and a microcontroller with 
analog-to-digital (A/D) converter. As the laser pulsates, the microcontroller collects and 
processes the data to calculate the amount of soot within the exhaust system. The opacity sensor 
in our tests will be used on an Isuzu 1.9 liter diesel engine. The elegant design of the system can 
be integrated into conventional manufacturing molding or casting processes for new exhaust 
systems as well as adapted to existing systems. Our system demonstrates is how an engine would 
be adapted. It is envisioned that new methods of emission control and testing can be developed 
by use of this device, including through use with an active throttle control system (passive to the 
driver) that would reduce visible tailpipe emissions in over-fueling scenarios. 
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I. Introduction 
The California Environmental Protection Agency has regulated Diesel exhaust emissions have in 
California through different tier systems since 2002 [10]. As an ongoing effort to help protect the 
environment special fuel lubricants and maintenance of the engine help reduce the amount of 
emissions. Engine testing must be efficient and accurate, when dealing with emissions, with 
standards both when the engine is idled and when the engine is under heavy load. California 
Environmental Protection Agency emission regulation include particulate matter (PM) and 
nitrogen oxide (NOx), which form the carbonaceous agglomerate (soot). A lower percentage of 
soot equates to less carbon release in the atmosphere, and thus a less harmful effect on the 
environment. 
A laser is used as a controlled light source. As the soot becomes more light is scattered and 
prevented from being detectable at the opposite end of an exhaust. A violet colored light is used 
within the exhaust because it is the furthest in the visible spectrum from red and infrared 
radiation given off by hot exhaust particles. The voltage reading from the photodiode will 
correspond to how much of the laser light travels through the exhaust fumes. These 
measurements will differ depending on the type of photodiode and laser used. The use of 
computer software allows the user to read, record, and calculate this opacity data automatically at 
rapid intervals. Additionally, rapid real-time data is important because the user must be able to 
keep track of the amount of soot while the engine is running, especially under instantaneous 
loads, so as to take advantage of active feedback with a throttle control system. The Active 
Diesel Soot Measurement Sensor shows promise in developing new ways to prevent large 
amounts of soot emitted by diesel engines.  
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II. Background 
An early 1980’s Isuzu 4FB1 diesel engine and dynamometer was donated for this senior project 
by Dr. MacCarley and placed in the Advanced Technology Laboratory’s NSF Advanced 
Transportation Lab on the Cal Poly campus. The engine was mostly used in the early 1980’s on 
Chevrolet Chevette, Izusu P’up trucks, and this one specifically on an Isuzu I-Mark. A schematic 
of the engine can be seen in Figure 1. 
 
 
The engine had not being in use for more than 10 years and no owner’s manual was provided 
which lead to a large portion of the initial project spent familiarizing ourselves with and 
performing maintenance on the engine to restore it to working order for use with the opacity 
sensor. Even with fluid stabilizer added by Professor MacCarley during the engines last use, 
typical problems arose for an engine left stagnant for so long. Maintenance performed included 
new oil and fuel filters, fixing a cracked radiator, installing a new aftermarket life pump, 
repairing the crankcase breaker, purging and filling the dynamometer load cell and lines, locating 
Figure 1: Schematic of Isuzu 4FB1 Engine. 
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a new muffler and exhaust line, locating and installing a car battery, and some minor electrical 
and mechanical maintenance on the other dynamometer connections and control panel itself. 
These issues were quickly resolved in the first 5-7 weeks of work and after cycling diesel with 
large amounts of injector cleaner with the lift pump, got the engine to turn over and idle as is, but 
there was no throttle response. 
The engine came with a modified fuel injection pump made by Diesel Kiki, licensed from Robert 
Bosch GmbH, which can be seen in Figure 2.  
It was identified that the mechanical parts of the pump, especially the flyweights of the pump 
mechanical governor, must be stuck do to extensive “gum” buildup inside the pump. Gum is a 
slimy solid created through a reaction with oxygen and a product of diesel fuel decomposing, or 
“going bad.” Multiple tactics to clean and loosen up the internal parts were attempted including 
higher concentrations and multiple fuel additives, letting the engine idle for extensive periods in 
hoping heat would decrease adhesion, to inserting injector cleaner straight into the pump. The 
engine would reliably turn over and sometimes rev slightly above idle but never acted as it 
Figure 2: Bosch-Diesel Kiki VE Pump 
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should. The team then called the shop where the pump was purchased for help where a man 
named Paul Moyer was able to help us with the problems of the fuel pump. Paul was kind 
enough to come out to the Advanced Technology Lab on his own time more than once to help 
with the engine and fuel pump. Paul is and expert and knew everything about the pump and 
diesel injection system on the engine. With the pump still attached to the engine, taking off the 
top of the fuel pump exposed extensive gumming, hindering the operation of the flyweights of 
the governor, which can be seen in Figure 3 and 4. Using Paul’s knowledge, a lacquer thinner 
was used to clean out the fuel pump. After this cleaning the engine responded to throttle and 
seemed to be in clear working order except for a lack of housing pressure within the pump the 
reason for which even Paul could not identify. Less than two weeks later the pump began to drip 
diesel at its drive shaft connection to the timing belt. Again calling Paul, he said this could have 
been due to the engine being dropped on the pump in its transport to Cal Poly, and that when 
revving the engine after cleaning exposed or widened what was probably a small hole or only 
slightly loose connection. A Bosch VE pump is difficult to find since they have not been used in 
the United States since the mid-1990s, and being that the team members had hope of this engine 
being used for future projects, it was decided the entire pump needed to be rebuilt.  After 
Figure 3 and 4: Left, inside of pump showing gum buildup and Right, after cleaning. 
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working on the pump all summer this was extremely disappointing, had the pump been replaced 
earlier much time would have been saved. In addition to a full rebuild we also had Paul replace 
the 8mm diameter plunger to a 10mm. The purpose of the plunger change was that, along with a 
load screw adjustment, engine is now prepared to deliver twice the fuel per plunger stroke for 
future alternative fuel research. With the new pump combined with the other maintenance 
performed, the engine was is in complete working order. 
Construction of the opacity sensor began as late as October 2012; around the time the pump was 
taken off. An opacity meter is an instrument used to measure the amount of light that transmits 
through a medium of varying density such as fog and in this case exhaust fumes. The meter is an 
excellent way to see how much particulate matter is present in the exhaust and is a measure of 
efficiency of the combustion. Prices for opacity meters range can but up to the couple thousand 
dollars range. Our system due to its simplicity and ability to be produced with standard 
manufacturing processes such as casting should only cost a couple hundred at most. 
Diesel particulate can range from 1,000-10,000nm in diameter [11]. The meter measures relative 
light transmission in the exhaust on a scale of 0 to 100 percent, representing perfectly opaque to 
perfectly transparent. Several issues arise when attempting to measure particulate in this way. 
First is that exhaust gives off its own radiation tribute to the still burning nature of the stream 
right out of the cylinder. This light can be picked up by the photodiode. Under engine load soot 
particles traveling through the exhaust should be scattering light, thus indicating a lower opacity, 
but if the diode also picks up light given off by the particles themselves then we measure a lower 
than true reading. To circumvent this, assuming this contribution is additive, our laser pulsates 
and takes the difference of every two adjacent readings to display a more accurate level of 
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opacity. In addition, the conditions of the exhaust pipe and our system are subject to change over 
the life of the product. To account, a mechanism to readjust the baseline or minimum reading 
must be in place to ensure that calculation are true to actual conditions and not original 
conditions. In the testing section it can be seen that the meter will read incremental levels from 
no visible smoke to full smoke which can then be calibrated to equate the parts per million (ppm) 
of soot in the exhaust stream. 
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III. Requirements 
Create a system for an opacity meter that can: 
1. Measure opacity of soot created by a simulation. 
2. If placed on an engine the opacity meter must be able to differentiate between radiation 
(light) emitted by hot particles and light emitted by a generated source (laser). 
3. Must be designed for engine use, including tolerating heat and vibration. 
4. Be low-cost, simple, and effective. 
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IV. Design 
Electronics 
The opacity meter consists of five major electrical components: laser, photodiode, non-inverting 
amplifier, microcontroller, and NPN transistor. Because the opacity meter is using optics to 
measure opacity, any amount of light will interfere with the opacity meter data. The light emitted 
by combustion of the engine is visible inside the exhaust and can interfere with opacity 
measurements. To solve this problem, a technique was used to compensate for the emitted 
combustion light. The microcontroller is programmed to pulsate the laser at a given frequency 
and at the same time take voltage readings when the laser is on and when the laser is off. The 
idea is that when the laser is on, the photodiode is exposed to the laser light and combustion light; 
and when the laser is off, the photodiode is exposed to only the combustion light. Those two 
resulting voltage readings are subtracted from each other resulting in voltage reading equivalent 
to the photodiode being exposed to laser light only. This process is constantly repeated for a 
continuously live output of data. 
Laser: A 5mW colored laser manufactured by QQ-Tech is used. The laser emits a blue-violet at 
405 ±10nm. The laser is powered by two AAA batteries and with a maximum output power of 
5mW. This laser was selected for its strength and its distance the electromagnetic spectrum from 
the radiation of hot exhaust particles, where the majority of the radiation energy is in the red to 
infrared spectrum, 700nm-1000nm. Wien’s displacement law describes the increase in 
wavelength with temperature. 
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Figure 5: LASER 
Photodiode: OP913WSL photodiode manufactured by OPTEK is used. The OP913WSL is used 
in photovoltaic mode (zero bias). In photovoltaic mode, the flow of the current out of the 
photodiode is restricted and a voltage builds up. The voltage is then used as an output to 
determine the amount of light the photodiode is exposed to. The OP913WSL has a linear 
response to irradiance, making it easier to analyze the output voltage of the photodiode. The 
output voltage ranges from 0mV, in complete darkness, to 270mV, when the photodiode is only 
exposed to the laser light. 
Initially, the photodiode was used in photoconductive mode (reverse bias), connecting the 
positive terminal to the N-type region and P-type region to the negative terminal. The response 
time of the photodiode was increased, but exhibited electronic noise due to increase in leakage of 
dark current.  
 
Figure 6: OP913WSL photodiode 
P a g e  | 15 
 
Non-inverting Amplifier: In order to amplify the OP319WSL photodiode output voltage, a non-
inverting amplifier was built. A LM741 Operational Amplifier manufactured by Texas 
Instruments was used to construct the circuit shown in Figure 7. The photodiode outputs a 
voltage depending on the amount of light it receives.[12] That voltage is then used as an input 
voltage into the non-inverting amplifier with a gain of 7.8. The amplified voltage is then used as 
an input voltage into the microcontroller. The microcontroller stores the voltages and calculates 
the calculated opacity inside the exhaust. 
 
 
Figure 7. Non-inverting Amplifier with Photodiode Circuit 
The photodiode output range needs to be between 0 to 5V because the Arduino microcontroller 
(discussed next) is not capable of precisely measuring voltages in the microvolt range. The gain 
required is approximately 13. The gain was calculated by using nominal resistor values of 
R1=820Ω and R2=5.6KΩ, theoretical gain calculation is shown below. 
𝐺 = 𝑉𝑜𝑢𝑡
𝑉𝑖𝑛
= 1 + 𝑅2
𝑅1
 
𝐺 = 1 + 5.6𝐾Ω
820Ω
= 7.829 
LM741 Op-Amp 
820Ω Resistor  
5% tolerance 
5.6KΩ Resistor 
5% tolerance 
OP913WSL Photodiode 
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The experimental values of the resistor are: R1=807Ω and R2=5.51KΩ. When Vin of 551mV is 
entered into the non-inverting amplifier, the VOUT is 3.97V. Using the input and output voltages 
of the non-inverting amplifier, the experimental gain is calculated. 
𝐺 = 𝑉𝑜𝑢𝑡
𝑉𝑖𝑛
 
𝐺 = 3.97𝑉. 551𝑉 = 7.205 
 R1 (Ω) R2 (Ω) Gain 
Nominal 820 5.6K 7.829 
Experimental 807 5.51K 7.205 
Table 1: Nominal and Experimental values of R1, R2, and Gain of amplifier 
 
Figure 8. Simulation of Photodiode with Non-inverting Amplifier 
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Figure 9. Theoretical LTSpice Gain= 7.828 of circuit 
Microcontroller: An Arduino UNO is a microcontroller board based on the ATmega328. It has 
six analog input pins, and fourteen digital input/output pins; it is programmed using the Arduino 
programming language. The Arduino is programmed to control the pulse frequency of the laser, 
read the output voltage of the photodiode, and perform the necessary compensatory calculations. 
The output voltage from the non-inverting amplifier is connected to PIN1 of the Arduino analog 
input. The onboard 8-bit ADC converts the input voltage of 0-5V into integer values between 0 
and 1024. This yields conversion: 5V/1024units, showing the Arduino can take a very precise 
measurement. The input voltage is then converted into a percent opacity. PIN13 is set as a digital 
output and is connected to the BJT transistor that controls the pulse of the laser.  
It is expected that the soot exiting from the diesel exhaust will accumulate over the lens of the 
laser and the photodiode. This would cause a drop in photodiode output voltage because the 
photodiode would not be able to detect original maximum laser light. To compensate this 
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problem, the Adruino is programmed to detect when the engine is at idle, and read adjust the 
max voltage the photodiode is capable of delivering. At idle our engine emits a clear exhaust, 
burning only approximately 5 microliters of fuel per injection, and is within emission limits. This 
way, the opacity meter is always adjusting to the buildup of soot on the lens or change of 
physical conditions within or of the pipe and ensures the optics are still calculating the true 
percent opacity. 
NPN transistor: A 2N2222A NPN transistor manufactured by Philips is used to modulate the 
laser at a given frequency. PIN13 is set as a digital output that source up to 40mA of current to 
PIN13. PIN13 is connected to the base of the BJT. The positive of the power source is connected 
to the emitter. The collector is connected to the anode of the laser. The cathode of the laser is 
connected to both the ground on the Arduino and the negative of the power source. The laser 
connections are shown in Figure 10.  
 
Figure 10: Connections to Pulsate Laser 
The block diagram of the Opacity meter is shown below. 
P a g e  | 19 
 
 
Figure 11: Block Diagram of Opacity Meter 
Mechanical 
The stock engine exhaust pipe had been previously tapped and welded with pipe fittings directly 
in line with each other from a similar experiment. Our design required using these existing 
fittings to create our sensor system, we did this through appendages composed of pipe fittings. 
The requirements of the appendages are they must allow the laser to hit the photodiode center 
from approximately 3 ft away, and they must not deviate from this alignment under engine 
vibration. They must also allow for reliable use of the system i.e. preventing soot buildup on 
component lenses and ensure the photodiode is in a dark environment. Restraints include the 
possibility of corrosion and exposer to temperatures up to 325F. 
Photodio
de 
Laser 
Vout 
Non-inverting 
Amplifier 
Analog Input 
 
Arduino UNO  
 
  
BJT 
Amplified Vout 
Diesel 
Engine 
Exhaust 
Serial Screen 
(Laptop) 
Calculated 
Opacity 
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Also mechanically required was a simulator system to calibrate the coding and run proof of 
concept tests. 
Pipe Fitting Appendages: The particles in the exhaust stream are extremely adhesive, making 
putting any kind of sensor directly in the stream ineffective. In addition, even when the engine is 
in idle these particles (the ones we are attempting to measure) are moving at a high velocity 
through the exhaust pipe. The appendages are an attempt to prevent buildup of these particles on 
both the laser and photodiode lens. Minimum diameters for the pipe fittings were selected as 
more constriction creates a fluid pressure on the exhaust stream and a path of least resistance is 
created out the tailpipe. The photodiode end, being the smaller diameter of the two, is placed at 
the downstream end of the exhaust pipe were momentum is most likely to push particles into an 
appendage. A 3” x 1/8” pipe connects an adapter and a bushing, the latter of which has nearly the 
exact inner diameter as the outer diameter of the photodiode, making a perfectly centered 
arrangement. A cap that is drilled for wire access, and a rubber washer placed inside the cap, 
close the end of the appendage. The rubber washer serves 3 purposes: it insulates the diode from 
shorting to the metal cap, creates a light and airtight seal, and it cinches the diode securely 
between the cap and the bushing. 
Figure 12: Photodiode Appendage 
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The appendage for the laser was more challenging. The laser diameter is exactly 71/128” which 
is just smaller than 9/16”. With the primary requirement being that the laser continuously hit the 
photodiode lens with extreme precision, initial designs revolved around finding a pipe with an 
inner diameter as close to this the actual laser diameter as possible for 360 degree support, as was 
the case with the photodiode. This proved difficult to find or manufacture. Working with the 
laser with a 9/16” pipe the finger button switch was ground off and the housing wrapped with a 
layer of copper tape to create a snug fit. Inserted into the appendage, we determined that the laser 
would frequently hit the inner edge of the bushing at the opposing end and that at that distance, 
just a little torque was all that was needed to achieve center. Calculating the right triangle, the 
needed change in angle equated to 0.21o. This led to the conception of using set screws that serve 
both as a mechanism for fine tuning this angle as well as rigidity for the laser. Finally a 3/4” 
male thread was cut from an old fitting and silver soldered to the outer pipe surface to create 
threads for the cap. The cap for this appendage is created in the same way as the photodiode end. 
This appendage is less prone to spoilage by soot buildup, but one future improvement would be 
to put a smaller diameter pipe at the beginning of the appendage and then step-up to the laser 
diameter thereby gaining the same fluid advantages as the photodiode side. 
Figure 13: Laser Appendage 
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The simulator was a simple design of clear vinyl tubing attached to the exhaust pipe at one end 
by a rubber pipe tee while the other makes an airtight compression fitting inside the exhaust. The 
clear tubing was selected to view the amount of smoke circulating. The tee was selected as a way 
to deliver smoke into the system. A small RC motor was retrofitted as a small fan and glued to 
the inner wall of the tee to provide smoke circulation.  
P a g e  | 23 
 
V. Construction 
The picture shown in Figure 14 shows the Opacity Meter set-up. The power supply, configured 
to tracking mode, is used to provide positive and negative 5 volt rails for the LM741 Operational 
Amplifier. The Arduino is connected to the laptop and is powered through the USB cable. The 
5mW laser is powered by two AAA battery source. 
 
Figure 14: Opacity Meter simulation set-up 
The stock exhaust pipe has the 5mW laser on one end and the photodiode on the other end by 
way of the appendages. The path from the laser to the photodiode is a perfectly straight path of 
approximately 3ft long. The center of the laser beam is focused directly on the lens of the 
photodiode. This is accomplished by using set screws for the laser housing, shown in Figure 13 
& 15. 
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Figure 15: Set screws are used to fine tune and secure the angle of the laser beam 
To simulate the flow of exhaust fumes, a clear tube with a mini fan is added. The mini fan is 
powered by two AA batteries. The clear tubing is then connected to both ends of the exhaust pipe, 
shown in Figure16. Once the clear tubing is tightly connected to the exhaust pipe, the mini fan is 
powered on and simulation smoke is introduced to the exhaust pipe. The flow of air is clockwise. 
Clear tubing is used to showcase the amount of smoke inside the exhaust pipe. The entry point 
for the smoke is located at the T tubing. 
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Figure 16: Clear tubing is tightly attached to the exhaust pipe 
The pulse of the laser is controlled by the Arduino. The frequency of the laser pulse can be set in 
the code. The amplified diode voltage outputted from the non-inverting amplifier is inputted to 
PINA0. 
 
Figure 17: Arduino UNO is connected to the non-inverting amplifier and NPN transistor  
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VI. Testing 
The laser is first adjusted to aim directly center down the exhaust pipe. Once the laser is set by 
visual confirmation, the diode is then placed in its respective appendage on the opposite end of 
the laser. Using the Arduino, the laser is pulsated at a 100ms rate or 10Hz. This frequency can be 
increased up to 10KHz. For testing purposes, the frequency used was kept at 10Hz. The 
reasoning is to take the value when the laser is on and subtract it to when the laser is off, so the 
ambient light within the exhaust on the engine can be accounted. Smoke is then blown through 
the simulator and the fan motor moves the smoke constantly through the exhaust. Cigarette 
smoke was used in the simulation because mimics diesel particulate sizes, especially in the 
smaller diameters where EPA regulations are currently mandate. As the smoke travels through 
the Arduino takes the analog voltage readings from the photodiode, converts it to digital, then 
creates a percentage of opacity.  
Simulator Smoke Test 
23. Connect breadboard components 
24. Connect Ardunio pin 13 and battery to NPN transistor configuration 
25. Connect laser to collector of transistor  
26. Supply +/-5VDC power to op amp  
27. Supply laser with output  
28. Verify and Configure Arduino Program 
29. Turn on switch for fan 
30. Blow cigarette smoke into tubing 
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31. Analyze and record opacity percentage 
32. Repeat test with adding or decreasing the amount of smoke in the simulator 
Note: An assumption is made that the cigarette tobacco, for different weights, will burn at the 
same rate. Though this is not necessarily true it makes it easier to control the data provided 
below. While testing the original simulator, the team found an error in the coding. As the laser is 
flashing through the exhaust it was noticed that the opacity percentage would drop from 65% 
immediately down to 0% because this was the point at which the laser light could no longer 
travel through the exhaust. After finding the problem, the Arduino code was changed to have the 
initial value of opacity equal to when the laser can no longer pass through the smoke.  
Once all the bugs were fixed within the simulator, the testing was moved to the engine. As it was 
expected ambient light was seen while the laser was off. The coding on the Ardunio had to be 
adjusted for the diesel engine, but after the simple change the opacity was measured correctly. 
The engine was run at an idle speed to find the standard soot levels in a diesel engine.  
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Figure 18: 25% of a Cigarette 
 
Figure 19: 50% of a Cigarette 
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Figure 20: 75% of a Cigarette 
 
Figure 21: 100% of Cigarette 
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Various Loading States, Opacity vs Time 
 
 
 
  
Figure 22: Data From Actual Engine Test 
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VII. Conclusions and Recommendations 
The one biggest item the team wishes they had done differently was to have made the investment 
to have the pump cleaned at rebuilt from the start. We let the fact that we always got a response 
out of the engine and continuously made small improvements lead us on for too long. Although a 
huge expense, it would have saved us months of time.  
Mechanically the system was successful. When attached to the engine the entire setup vibrates as 
a whole and the laser maintains its precise aim onto the photodiode. After running the engine for 
approximately 20min the control panel read an exhaust manifold temp of about 140 F while the 
appendages were only warm to the touch. 
Electrically the system reads, calculates, and records data as it should including the differential 
calculation, while displaying the final level of opacity percentage every hundred millisecond. 
Future groups that will work on the Dimethyl Ether Engine Conversion project can use this 
opacity meter system to compare diesel and DME soot levels. To work on the DME conversion, 
the diesel engine must be kept in good running condition. This requires frequent maintenance of 
the engine. In case of major mechanical problems, it is recommended that professional service is 
sought. Only when the engine is fully operational, work for DME conversion can start. 
During the design phase, materials learned in the electronics series and computer design courses 
were supplemental in the growth of this project. The group met overall project requirements 
which include but are not limited to: measuring the opacity of soot created by a diesel engine 
using low cost parts. Futures projects would be to test the longevity of the system including how 
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long we can keep the system clean as well as its structural strength and lifetime precision of the 
components used. The group was very satisfied with the performance and accuracy of the 
opacity meter.  
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APPENDIX A – SENIOR PROJECT ANALYSIS 
Project Title: Active Diesel Soot Measurement by Laser Opacity 
Student’s Name: Jonathan Audish, Brian Ko, Edward Ma, Travis McDaniel 
 
Advisor’s Name: Art MacCarley Date: 
• 1. Summary of Functional Requirements 
The project is building an opacity meter that will detect and measure the amount of light blocked 
in smoke in diesel engine exhaust. The reason behind this is to help monitor the amount of 
smoke and soot that is emitted by diesel engines.  
• 2. Primary Constraints 
The hardest challenge of keeping the opacity meter operational is preventing soot buildup on the 
laser lens and the photodiode lens. The laser lens and the photodiode lens are exposed to exhaust 
fumes exiting the diesel engine. Soot is capable of darkening surfaces such as the laser lens and 
photodiode lens, making them appear black. 
• 3. Economic 
Creating a cheap diesel exhaust opacity meter will help reduce air pollution which contribute to 
sickness and death caused by pollution. Lowering the levels of air pollution will in return require 
less effort and money into improving air quality. The benefits would provide cleaner running 
diesel cars. 
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Table 2: DME/Opacity Measurement Sensor Gantt Chart 
P a g e  | 36 
 
 
 
Costs 
Items Quantity Total Price Justification 
Laser 5 $44.95 
The laser will be providing the light to the 
photodiode, thus giving it power. 
Arduino Board 2 $60.00 
The board is going to be used as a microcontroller 
to record data from the diode, implement functions 
to the laser, and calculate the opacity within the 
system.  
Pipes and pipe 
fittings 22 $247.93 
The piping and pipe fittings will hold the laser and 
photodiode in place to shoot light and receive data 
in the same location 
Simulation 3' Vinyl 
Tube 1 $16.71 
A closed loop system is needed to continuously run 
smoke through the system. The clear vinyl is used 
to see the smoke. 
Simulation T Piece 1 $7.77 
The T piece connects the exhaust to the simulation 
tube and allows and extra hole for smoke to be 
inserted. 
Simulation Fan 
Motor 1 $3.09 The fan will consistently blow air through the tube. 
Photodiodes 2 $36.00 
The photodiode will detect the light and output a 
voltage. 
Breadboard 1 $6.00 Connect the components together. 
AAA Battery Casing 1 $2.00 Power laser. 
AA Battery Casing 1 $2.00 Power fan motor. 
Cigarettes 38 $14.00 
Cigarette smoke has similar characteristics to 
diesel smoke. 
Diesel 3 gal   To run the diesel engine properly. 
Super Glue 1 $3.48 Emergency use for broken components. 
Funnel 1 $1.77 Pour fuel into the fuel tank. 
Plexiglass 1 $10.00 
The plexiglass is used to create a box to hold the 
components. 
Velcro 1 $5.00 
Hold components in place inside the plexiglass 
box. 
Silicon Glue 1 $3.00 Glue the plexiglass box together. 
Poster 1 $50.00 Presentation material for the Senior Project Expo. 
Muffler 1 $50.00 
The engine must have a muffler to process the 
exhaust. 
Fixing Pump 1 $750.00 
In order for the engine to work correctly the pump 
needs to be cleaned and fixed. 
Heat Shrink 1 $7.00 Give a concealed, nonconductive bond to wires. 
LEDs 20 $5.00 Flash corresponding to the time the laser flashes. 
Resistors 12 $3.50 
To place in series with the LEDs and to control the 
gain of the op amp. 
741 Op Amp 2 $1.50 
To create a non-inverting op amp to give a gain to 
the photodiode. 
Wires 50 $7.00 
To allow the components to be connected to the 
correct pin. 
 Total $1,337.70  
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• 4. If manufactured on a commercial basis: 
If this opacity meter is manufactured on a commercial basis the estimated opacity meter 
purchased per year would be 10-20 opacity meters. The estimated manufacturing cost per meter 
would be $75. The estimated purchase cost per meter would be $85. The total profit per year 
would be around $100-$200 a year depending on the number of meters we are able to sell.  
• 5. Environmental 
Any environmental effects this opacity would have would be the construction of the photodiodes, 
the metal casings, and the Arduino board. The raw material used for the metal casings would 
have an environmental impact as more resources of steel and brass would have to be obtained to 
create the tubing and piping. The construction of the Arduino board and photodiode would have 
to be made from silicon and chemicals would have environmental impacts. The testing of the 
opacity meters on exhaust system would cause the emission of soot and CO2 into the air. The 
opacity meter will use diesel oil to keep the engine running and will also use the atmosphere as 
soot and CO2 will be emitted from the engine to test and measure the amount of smoke. In a way 
the opacity meter can both improve and harm the atmosphere. The opacity meter will improve 
the atmosphere as it can measure the amount of smoke and soot emitted by the engine and as we 
can restrict the amount of smoke being released. In the meanwhile of testing, smoke and soot 
will be emitted during the testing times thus harming the environment. There will be no 
relatively no impact to other species other than causing greenhouses gasses.  
• 6. Manufacturability 
The manufacturability of the opacity meter would require many different parts since a 
photodiode, metal casings, a microcontroller, and a laser were all used to create the opacity 
meter. The construction of the meter would be relatively straightforward, but would take time 
due to fitting the laser in the exhaust system and aiming the laser in a straight line without the 
beam hitting any sides of the casing or pipe. It would take an estimated time of about 2-3 hours 
the fittings for the laser and diode. A problem that could arise would be the different sizes and 
holes of all kinds of exhaust systems that exist on the market and finding the right measurements 
for each system so that the laser and photodiode could be fitted on in a proper manner and 
operate in the correct way.  
• 7. Sustainability 
An issue with the opacity meter that arises is the amount of soot that will run through the exhaust 
and stick and block the photodiode and the laser, preventing the beam from shinning down the 
pipe. A solution has not been created for this problem. The project aims to control or reduce the 
amount of soot and CO2 that is emitted by diesel engines or engines in general. It would be a 
great benefit to the environment if the soot could be controlled or emitted less by engines. An 
improvement that could be made to the system would be to create custom fits that would fit the 
laser and photodiode right on the exhaust instead of fitting different kinds of threadings, tubings, 
and pipes on both ends. Issues and challenges could arise to the improvement of the exhaust 
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fittings as there would be different fittings that would range for a number of exhaust systems, so 
a number of fittings would have to custom made.  
• 8. Ethical 
Related to the design of the DME engine the team believes that the Code of Ethics that best 
applies is: to maintain and improve our technical competence and to undertake technological 
tasks for others only if qualified by training or experience, or after full disclosure of pertinent 
limitations. This is because this is new technology to improve the efficiency of the engine. The 
emissions are reduced, so this improves the quality of living for species on the earth. Cleaner air 
can lead to a healthier life. The project will give the opportunity to present something new to car 
manufactures and gasoline companies. Related to the design of the opacity meter the team 
believes that the Code of Ethics that best applies is: to maintain and improve our technical 
competence and to undertake technological tasks for others only if qualified by training or 
experience, or after full disclosure of pertinent limitations. This is because the meter is to 
improve the efficiency of the emissions of the engine. The emissions are reduced, so this 
improves the quality of living for species on the earth. Cleaner air can lead to a healthier life. The 
project will give the opportunity to present something new to car manufactures.  
• 9. Health and Safety 
There are many health and safety issues that arose when designing and using the opacity meter. 
Due to the engine being an actual engine itself and not in a vehicle, there is the possibility of the 
engine of running away and destroying itself. There was a CO2 fire extinguisher present at all 
times and would be stuck into the air duct where the CO2 would stop the engine from running. 
There was also the operation of drill bits and grinders which would need to exercise caution 
when using the machinery. The use of the laser would be needed to place in the exhaust system 
and caution would be needed not to look directly at the beam as it could damage the eyes, when 
one is looking down the exhaust tube.  
• 10. Social and Political 
This project will have the ability to impact both the environment and the general public. A social 
issue that can arise from this project is to educate the public on how to control and lessen the 
emissions of soot and CO2. The general public needs to realize the amount of CO2 that is being 
released in the air and affecting lives in a harmful way. The automobile makers can learn about 
using opacity meters when they build exhaust systems to limit the amount of soot and CO2 that is 
exiting their vehicles. Political issues that can arise is that automobile companies may have to 
watch how they develop the exhaust systems on vehicles which may change the approach of how 
much power and torque engines can output, which can affect a group of consumers who tend to 
favor vehicles that move faster and burn more fuel. The stakeholders will be the automobile 
companies who create the engines. The project can greatly affect the environment in a positive 
way if the meters are used in a correct and conscious manner and will have the ability to lower 
greenhouse gasses and be economically friendly with miles per gallon prices. The public and 
companies will be attracted to the product since the meter will actively measure smoke and 
P a g e  | 39 
 
people who tend to favor the environment will encourage the use of the meter on vehicles. It may 
even encourage people to switch their vehicles to environmentally friendly vehicles 
• 11. Development 
This project introduces the concept of an engine and the operation of photodiodes, which were 
previously briefly covered in laboratories. The operation of an engine and how injection fuel 
pumps were intensely studied so that the engine could run. Repairs were made to the engine as 
learning how to replace and repair different parts were done on the engine. Photodiodes and the 
measurement of opacity was the most important lesson learned as learning how to assemble 
different resources such as an Arduino board to create the meter. Knowledge in project planning 
and teamwork will be exercised for this project. Skills in circuit analysis and critical thinking 
were needed to create the opacity meter. The project will also consist of a multidisciplinary team, 
where different projects were assigned to members depending on interests and experience.  
  
P a g e  | 40 
 
APPENDIX B 
Arduino code: Active Diesel Soot Measurement by Laser Opacity 
 /*Active Diesel Soot Measurement by Laser Opacity 
  \\   by Jonathon Audish, Brian Ko, Edward Ma, Travis McDaniel 
  \\  
  \\     Presented to Dr. Art MacCarley 
  \\ 
  \\Background: 
  \\Reads an analog input on PIN0, converts the reading to voltage, and prints the resulting 
voltage 
  \\to the serial monitor. PIN13 uses bitbanging to control the pulse of the laser. To control the  
  \\pulse of the laser, change the delay time. 
  */ 
 
 
#include <EEPROM.h> 
 
int BeginVol = 55; 
 
// the setup routine runs once when you press reset: 
void setup() { 
 // initialize serial communication at 9600 bits per second: 
 Serial.begin(9600); 
 //Set pin 13 as an output. this should connect to positive of the laser 
 pinMode(13, OUTPUT); 
 //Set pin A0 as an input 
 pinMode(A0, INPUT); 
} 
 
void loop()  
{ 
 for( int i = 0; i < 2; i++) 
 { 
  //turns the laser on or off depending on variable i; 
  //When i is 0, the laser is on, and when i is 1, the laser is off; 
  if (i == 0) 
  { 
   digitalWrite(13, HIGH); 
  } 
  else 
  { 
   digitalWrite(13, LOW); 
  } 
   
  // read the input on analog PIN0: 
  float voltage = analogRead(A0); 
  EEPROM.write(3, voltage); 
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  // Convert the analog reading (which goes from 0 - 1023) to a voltage (0 - 5V): 
  // stores voltage value in EEPROM; 
  float percent = voltage * 0.11494253; 
  EEPROM.write(i, percent); 
   
  //delay so voltage is recorded every second (this value will change depending on the 
frequency) 
  //for now, it is set at 100 millisecond for testing purpose; 
  delay(100); 
 } 
  
 //recall the stored voltages; 
 //voltage1 will be when the laser is on; 
 //voltage2 will be when the laser is off; 
 //final will be the difference of voltage on and voltage off; 
 float percent1 = EEPROM.read(0); 
 float percent2 = EEPROM.read(1); 
  
 //subtraction; 
 float final = percent2 - percent1; 
 float final1 = (final - BeginVol) * 2.222222; 
  
 //When engine sits at idle, the voltage max is readjusted to compensate 
 //build up of soot on the lens of the optics. 
 if (final == 99) 
 { 
  int count++; 
   
  if (count == 100) 
  { 
   //VolAdj adjust the max voltage 
   VolAdj = EEPROM.read(3); 
   BeginVol = (VolAdj * 0.11494253); 
  } 
 } 
 else 
 { 
  int count = 0; 
 } 
  
  
 //Compensating for max and min of the percentage; 
 if (final1 >= 100) 
 { 
  Serial.println("100.00%"); 
 } 
 else if (final1 <= 0) 
 { 
  Serial.println("0%"); 
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 } 
 else 
 {// print out the value you read:*/ 
  Serial.print(final1); 
  Serial.println("%"); 
 } 
} 
 
